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TRANSIENT RESPONSE OF CURRENT TRANSFORMERS 
ABSTRACT 


The asymmetrical component of power-system fault current sometimes causes 
some degree of saturation of current transformers supplying input current to 
protective relaying schemes. After saturation occurs, the CI output current 
will show evidence of distortion and the performance of the protection schene 
can be affected. The time-to-saturation, during which time the CP output cur 
rent is a faithful replica of the primary current, can be readily determined 
from generally available power-system and CT paraneters by using curves pre- 
sented, The time-to-saturation may be shortened by remanence in the core, and 
can be lengthened by the use of air gaps. 


‘The extent to which the protection scheme is affected by distorted input 
current due to CI saturation is not presented quantitatively, However, the 


effect of distorted current is discussed generally according to relay design 
classes, 


After the primary fault current ceases, the C? can produce unidirectional 
decaying output current and can have a high level of flux trapped in the core, 
both of which can affect the performance of protection schemes. 


1. RESPONSE OF RELAYING CP's TO ASYMMETRICAL FAULT CURRENTS 


In modern HV and EHV systems more and more emphasis is placed on the 
fidelity of current transformers in protective systems because of3 


(a) the increase in magnitudes of fault current, - 


(b) the increase in the time constant of the asymmetrical component of , 
fault current, 


(c) the need for faster clearing of faults, and ¢ 
(a) the increasingly stringent protection reliability requirements, » 


These factors have acted to reduce the time allowed for protective relay 
systems to operate, and require relay decisions to be made while the transient 
component of fault current ia still present. To meet the requirements, the 
protective relays have higher speed sensing and lower burden which, along with 
the present CT characteristics, generally maintain acceptable system operation. 
Nevertheless, the operating current component supplied to relays should not be 
distorted sufficiently to cause slow, false, or nonoperation of the protective 
system. The major cause ef concern is the exponentially decaying de component 
of primary fault current. his component influences build-up of core flux and 


is likely to cause CY errors, The CT response to the transient de component 
should be known and evaluated, 


Because of its ferromagnetic character a CT core may also retain an un- 
known amount of flux. This residual flux may be due to various causes, for 
example, gevere offset fault currents, geomagnetically induced de currents in 
the power system, or improper use of de continuity test methods on secondary 
gircuits. The residual flux will either improve or worsen the transient re- 
sponse of the CT because it may either oppose or aid the build-up of core flux 
caused by the de offset fault current. 
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Present standards for relaying current transformers specify accuracy only 
for steady-state, power-frequency currents and are not suitable for defining 
performance under transient conditions. In order to properly assess and com 
pare the transient performance of various CTs under a variety of circuit and 
‘burden conditions it is highly desirable for relay engineers to use a common 
nothod of analysis. If possible the method should be simple, easily under- 
stood, and should make use of data readily available from the Cl manufacturer, 
Thie report gives a method for estimating the time-to~eaturation* during which 
the secondary current is a faithful replica of the primary current. Section 7 
deseribes the approximations involved. The method can be adapted easily to 
include the effect of residual core flux. 


The method does not indicate the degree of distortion following the time- 
to-saturation. However, the user could infer that the subsequent distortion 
will be severe if the time-to-caturation is very short. Further, the method 
gives a calculated time slightly less than actual due to simplifying assump- 
tions reported below. ‘The percentage error in estimated time can be large 
for the first couple of cycles, The value of the method lies in its use to 
spot questionable applications. 


The report does not cover in depth the effects of distorted currents on 
the performance of relays, However, Section 6 discusses some of these effects. 


For those readers not familiar with the subject, a selected bibliography 
of important papers and texts is included at the end of the report, 


2. CURRENT TRANSFORMER PERFORMANCE DURING FAULPS 


Distortion of the output current begins whenever conditions are such that 
the core flux density enters the reyion of saturation. ‘The factors influencing 
the core-flux density are the physical parameters of the Cl’, the magnitude, 
duration, and wave form of the primary currents and the nature of the secondary 
burden. Saturation of the core can be produced by excessive symmetrical fault 
currents as well as by lower magnitude asymmetrical (offset) fault currents. 
‘The latter are far more important in determining the transient responae of CI's. 


When a fully offset fault cur 
rent of the form shown in Figure 1 
is impressed on the primary of a 
current transformer, the de offset 
will, in general, cause a rise in 
flux in the core several times 
greater than that required to 
transform the 60-Hz component of 
current. Figure 2 shows the rise 
in flux in a CT core when a fully U 
offset current is applied to a CT 
with a resistive burden. In this 
diagram the quantity f,, plotted 
on the abseinea represents the 
flux required to reproduce the 
60-Hz component of fault current 
while the quantity Sto represents the flux required to reproduce the transient 
(de) component of current. The variation in the transient component of flux 


FIGURE |: PRIMARY CURRENT WAVES 


¥ferns defined 


this report are underlined when first used. 
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: burden causes a more gradual drop-off of secondary current. A lesser burden 
reduces the distortion as shown in Figure 3b. 


In many instances, CTs will be capable of accurately reproducing offset 
curronts for a number of cycles before starting to saturate, However, under 


some conditions, saturation cannot be avoided and CT's will produce distorted 
output currents. 


The time-to-saturation of a CT is determined by the following parameters: 
i J. Fault current magnitude 
2, Degree of fault current offset 
+ Time constant of the de component of fault current 
; 4. Residual flux in the core 


5+ Secondary circuit resistance and power factor, including the effect 
of the secondary vinding resistance 


+ Secondary excitation impedance of CT at power system frequency (from 
standard exciting current measuremente*) 


7. CT turns ratio, 


In the sections that follow, a method for assessing CT performance as a 
function of these factors will be discussed. The method aleo yields CT parame 
ters that will provide a desired CT transient performance. Refer to Section 3e202, 


- Be CURRENT TRANSFORMER TRANSIGNT CAPABILITY 


As noted in the preceding section, the transient perforuance of a CT is 

a function of a nunber of parameters which differ appreciably in each CT appli- 
cation. While it is possible to determine analytically the transient capability 
of a C? (in torms of time-to-saturation) for each operating condition, a series 
of generalized curves has been developed that provide this capability directly 
for any CT desimm and over a wide range of operating conditions. The develop- 
ment and application of these curves will be discussed in the sections that 
follow. 


3.1 Time-To-Saturation Curves 


Appendices I, II, III, provide the background for the procedure used to 
determine the time-to-saturation of a current transformer. As noted in these 
appendices, the procedure ie derived from the basic equation for the rise in 
core flux density due to an asymmetrical primary curront. ‘his derivation 
assumes: 


A CT with no secondary leakage reactance. This is a good assumption 


for a CT with each secondary winding section fully and uniformly dis- 
tributed. 


4 CP with a one-turn primary winding; the effects of the retum con- 
ductor are ignored. 


*Refer to Reference 10.29. 
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3. Fully offset primary current -- the worst case and rare, 


4, Resistive burden, 


As derived in Appendix II1, the relationship between the CT and power-system 
parameters, and the time-to-saturation is stated in the following equation: 


. 3S 5 
vu r % 
we ig Be 44 () 


TR 


See Section 6 for definition of aymbols. 


Thia basic expression is used 
to develop the tine-to-saturation 
curves shown in Figures 4 to 11, 
The ordinates for these curves are 
given in terms of the saturation 
factor, (V,N2)/(I1itz), which is 
Wesigmated Ks, while the abscissas 
are given as time-to-saturation in 
milliseconds for a 60-Hz power 
system, For specific values of 
Vo N21 11, Ray (the saturation 
factor, Ky), these curves give 
the time to reach saturation flux 
denaity as a function of CT and 
system time constants, Conversely, 
for a desired yalue of time-to- 
saturation, and for given values 
of Ty and 14, the curves will 
enable tho required CT parameters 
Vyllo/Ry and Ty to be determined. 
While &. has been defined 
neglecting the effects of 
burden inductance and resid- 
ual magnetism, procedures 
will be described later to 


SATURATION FACTOR- xs 


account for these effects. : 
Refer to Sections 3.3 and 4. § 
3.2 Application of ss 
Pime—To-Saturation £ 

Curves z 


3.2.1 The follow 
ing procedure should be used 
to find the time-to-saturation 
based on values of Ks, Ty and 

‘), and using Figures 4 to 11. 


(4) Pirst calculate 
the Cl saturation factor: 


WN, 
ie @) 


a 


(2) 


‘The saturation 
voltage, Vy, is 
graphically de- 
termined from 
the standard CT 
excitation curve 
(10,29) using 
log-log scales. 
The saturation 
voltage is found 
at the intersec— 
tion of the pro- 
jections of the 
two straight 
portions of the 
excitation curve 
as shown in Fig 


point is used 
instead of the 
point found 
where the slope 
of the standard 
excitation curve 
ia 45° because 
at the latter 
point there is 
no core satura- 
tion. 


Determine the 
power system 

time constant, 
T,, and the cP 
secondary tine 
constant, Ty. 


‘The power sys- 
tem time con- 
stant, Ty, can 
be calculated 
from known sys- 
tem parameters, 
Xqy Ry, and w 
(see Section 8). 


‘The CT secondary 
time constant is 
approximately 
the value of CT 
magnetizing in- 
ductance divided 
by the total re~ 
sistance. For 
conventional 
closed-steel-core 
CTs operating on 


SATURATION FACTOR Ke 


SATURATION FACTOR Ks 
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a rated ratio of 
100025 amperes 
or more the CT 
time constant is 
usually two sec~ 
onds or larger. 


‘The secondary 
tine constant, 
Ty can be 
calculated as 
follows: 


cr TIME CONSTANT Tes 


Ye 
“Tbe (3) 


where V, and I, 
are the voltage 
and current re= 
spectively at a 
suitable point 
on tho standard 
secondary ex= 
citation curve = = 
(10.29); see 109) 
Figure 12, This 
calculation 
should be per= 
formed whenever 
the steel core 
embodies air 
gaps, since they 
can significant- 
ly lower the CT 
timo constant. 1-1 H H 
he erfect of ' to {00 fo00 
air gaps on cit TIME TO SATURATION ms 

transient re- 
sponse is dis~ 
cussed later. 

4 convenient 
point to use in 
this calculation 
is that of maxi- 
mum permeability, 
which is where 
the tangent 
sloped at 45° 
touches the ex- 
citation curve 2 
provided the = 
ordinate and re 
abscissa on log- = 
Pe paieincate POP Seer eases 7 Peer 
for each decade. TIME TO SATURATION “ms 
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wourace vs = 
JE |. ear oF wasn 
"ner oF 18 v0.0 
EXCITING CURRENT te VAMPLHES! 
FIGURE 12: SECONDARY EXCITATION CURVE 
230 kV CURRENT TRANSFORMER 
RATIO: 1200-5 AMPERES 
FREQUENCY: 60 He 
Equation (3) neg- fF by 
jects the burden = g 


inductance, In, 
which is gener- 


ally 


compared to the 
mutual inductance, 
Mg, in Pigure 13. 


Ry is the total 


negligible Re 
Me 


secondary burden 
resistance in- 


ox 
cluding that of ere 
i Es. RATIO = Ny/N3 
(a) Select the 
IGURE 13: EQUIVALENT CIRCUIT OF CT 
appeunetate FIGURE 13 EQUIV. 
time-to- 
saturation curve (Figures 4 to 11) corresponding to the power 
system time constant T, calculated above, 
(b) Time-to-saturation is obtained by locating the intersection 


of the ordinate corresponding to the value of Kg and the 
appropriate curve corresponding to the calculated value of 
the secondary time constant, T3. 


If the horizontal line representing the value of K, is above 
the selected curve, the CT vill not saturate, If desired, a 
typical value for T, can be used. Section 3+2.1(2) provides 
guidance on selecting a trial value. 


3.2.2 The procedure follows for using the curves to calculate CT 


Parameters that will provide a desired CT tine-to-saturation. 


9 


We ea ueg ent 


(1) Using the known value of T,, and a trial value of Ty, enter onto 
the appropriate time-to-saturation curve (Figures 4°to 11) and 
read off the saturation factor, Ks. 
Guidance on selecting a trial value of Ty can be found in Seo~ 
tion 3.2.1(2). 


(2) Substitute known values of Ij and K, in Equation (2) and caleu- 
ate the value of V,Nj/Rj. These are the three CT parameters 
that can now be givin values which yield the desired result, 


(3) Caleulate 3, and if significantly different from the trial 
2: 
value, repeat the procedure, 


3.3 Effect of Burden Inductance 


‘The inductance of low-power-factor burdens, such as electromechanical 
relays, that are connected in the secondary circuit of a CT increases the 
alternating core flux, but has negligible effect on the asymmetrical transient 
component of flux, This statement ia validated by the analysis in Appendix II 
leading to Equation (9). The increase in alternating core flux reduces the 
time-to-saturation for a given set of C's and power-system parameters. 


The time-to-saturation, when burdens contain inductance, can be readily 
determined from the appended time-to-saturation curves if the current-transformer 
saturation factor, Ks, is first reduced by subtracting AKy, where 


1 


4k," coo”! (4) 


where cos @ is the power factor of the burden, The current transformer second- 
ary winding resistance should be included in the calculation of cos @, Refer 

to Appendix III for the basis of Equation (4). 4K, can be used as a correction 
only when it and Ks are calculated using the same value of Ro. Section 3.5 
presents a numerical example, 


If Equations (2) and (4) together yield a negative K, or result in time~ 
to-saturation of less than one half cycle, it may be assumed that the true 
time-to-saturation will be one half cycle or less. 


3.4 Partially Offset Fault Currents 


Since fully offset power-system fault currents are rare, a simple method 
follows for determining CT time-to-saturation for more likely offsets, such as 
50 per cent. 


The procedure is merely to divide the calculated saturation factor by the 
per unit offset and then use the transient factor curves as before (Section 3.2). 
That is, Equation (2) becomes modified as follows: 


VMe 


Ks = [pu offset) 1,8, G) 


The results will be approximate but probably acceptable if the offset if 50 per 
cent or more, When the offset is less than 50 per cent, then Equation (5) in 
Appendix IJ can be revised accordingly, and new equations can be developed for 
time-to-saturation. 
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3-5 Sample Calculation 


If the right-hand quantities in Equation (2) are given the values: Np = 
240, Vy = 850 volts, 1 = 15,000 amperes, and Ry = 1 ohm, then the value for 
Kg ie 13.6. 


Assuming a power-system time constant of 0.04 second, and a CT secondary 


time constant of two seconds, then using this particular curve (Figure 5) shows 
that for K, = 13.6 the time-to-saturation is 80 milliseconds. 


If the power factor of the total burden is 0.5, Equation (4) gives a value 
of OK, = 1. 
2 


Thorefore, Ky - AK, = 13.6 = 1 = 12.6. 


Using the same curve as before, for K, = 12.6 the time-to-saturation = 
63 milliseconds. 


3.6 Bffect of CY Connections 


In relay circuits, CTs may be connected in parallel for summation of cur~ 
rents, and in addition they may be connected in star or delta, the latter being 
conventional for differential protection of a star-delta connected three-phase 
transformer, ‘The transient response of such CTs can be determined as above 
after first calculating the effective burden for use in Equation (2), 


3.6.1 Two CTs in Parallel 


Figure 14 
shows two Cis connect= 
ed in parallel for 
line protection, The " 
worst case is when 

one Cl carries all , - ee 

the fault current. : us Ed mus 
When CT, carried all = 
the fault current, 

the bumen is (Ry + 


me >} HF 


Figure 15 FIGURE Id: CT's CONNECTED IN PARALLEL 
shows three Cl!'s connect- 
ed in delta for transformer differential protection, The worst case is a phase- 
to-phase fault with all the fault current supplied from the side with the delta- 
connected C' ‘Then the burden is 3 (Ry + 85) + Ry where: 


R, is resistance of secondary winding plus a portion of secondary lead 


making up the delta connection, 


R, is resistance of relay restraint circuit plus lead to corner of 
delta, 


R, is resistance of relay operating circuit. 


uv 


fe CHI1S0-4 Polar 


ONE SIDE oF 
co TRANSFORMER “ 
The time-to~ L 2 

saturation curves in " 

Figures 4 to 11 assume — }— 


no initial remanent 
induction in the CT 
core, With remanence, 
the coxe may be oper- ¥ 
ating indefinitely at . a 


Rr Rr Ry 

a high peak flux densi- yO) a 
ty of a given polarity | 

under normal power- ee is ae 
system load conditions. a : 

then, when a power= — ae 
system fault occurs, RECT 

producing magnetization 

On dhe -wanetpolentty, FIGURE (5; DELTA~CONNECTED CT's 


the core may start to 
saturate much sooner 
than when calculated by means of the time-to-saturation curves assuming no ini 
tial magnetization of the core. In severe cases, the saturation factor would 


be one-quarter of that calculated from Equation (2), based on 75 per cent rem- 
anence of the unfavourable polarity. 


Remanence can be left in the cores of conventional C's by normal interrup- 
tion of an offset fault current, by the use of direct current in testing and by 
direct current from geomametic activity (10.22). Procedures for demagnetizing 


current transformers and thereby temporarily eliminating remanence are presonted 
in Appendix IV, 


The level of remanence in a core may be conveniently expressed as a per 
centage of the saturation-flux density level in the core. The pessimistic 
effect of remanence on the time-to-saturation may be approximately taken into 
account by multiplying the calculated saturation factor, K,, by the factor: 


before using the time-to-saturation curves. 


5e AIR GAPS IN THE CORE 


Remanence can be substantially eliminated from CTs by the introduction of 
small air gaps in the core. The calculated transient performance will then be 
realized provided reclosing time is sufficient to permit full flux decay. The 
effect on performance in this case is some loss of accuracy under steady-state 


current conditions, and some loss in the transformation of the de transient in 
the fault current. 


When a good replica of the de transient in the primary of a CT ia not 

needed in the secondary relaying circuits, then the time-to-saturation can be 
substantially increased by the embodiment of large air gaps in the core. The 
large air gaps reduce the CT shunt impédance and time constant. The time-to- 
saturation curves show the improvement possible with lesser CT time constants, 
In this case, the loss in the transformation of the de transient and the loss 


ar 


of accuracy under nor= 
mal steady-state cur- 
rent conditions be 
quite large (see Pie 
ure 16), lowever, the 
Cl ean be designed to 
conform to a standani 
relaying accuracy 
class, and then the 
error in transforming 
power-frequency cur= 
rents will] not exceed 
10% in ratio or about 
3° in phase angle at 
rated burden (assumed 
to be 0.5 pf). With 
burden resistance leas 
thin rated value, the 
phase angle is less, 
It showld be recog- 
hized that due to 

the higher exciting 
currents of air gapped 
cores at current levels 
below 20 timen rated, 
errors approaching 

10 per cont in ratio 
or 3° in phase angle 
may also occur over an 
operating ranje from 
one to 20 times rated 
current, 


Figure 17 shows 
the excitation curves 
for cores with and 
without air gaps, ‘yp- 
ioal lengths of small 
air gaps are 0.0001 per 
unit length of mametic 
path in the cores large 
faps are at least five 


times this amount. Remanence is reduced 
Gapa and almost completely for the larger gaps, 
reclosing, the flux may not have decayed to the 
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FIGURE 16} TRANSFORMATION WITH LOW CURRENT — 
TRANSFORMER TIME CONSTANT, 


to 6 per cent or lesa for the swaller 
At the instant of high-speed 
remanence value, and with gapped 


cores may be appreciably higher than the smaller remanence value. See Sec- 


tion 6.5.2. 


Sinee mops produce hi 
CTs should be considered. 
by CTs on bus connections not contributi 
larly, the unfaulted-phase exciting o 


\indesired breaker-failure relay 


are paralleled, such as on 
for fault (1), but breaker 
the idle C's on breaker 3; 


For example, 


a ring bus, 


3 


ser exciting current, the mymified effeets of idle 
bus differential relays are desensitized 
ing current to an internal fault. Simi- 
urrent desensitizes the ground relays. 


operation can ocour Where two ox more C's 
In Figure 18 breaker B opens properly 
4 fails to open, Fault current Ip 
T, ma; 


persists, excitLnys 


be enough to pickup or prevent resat of SOKP-B 
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current detectors, 
simulating a failure 
of breaker 


ye 


6, ERPECT OF DISTORTED 
ST OUPPUT OW RELAY= 2 
ANG PERMORMANCE, rf 

References 10.4, = 
10.0, 10610, 10.12, 
10.23, 10,24) 


Ho GAPS — 
GAPS 


6.1 Introduction ft 4 etunea: Kerenea 
Protective relay 
designers realize that 
thelr relays must toler 
ate some Cll distortion, 
OT designers realize 
that their OVS aust pro- 
vide some minimum level “ Eee 
of integrity in their tom n oF to wo 
oubputs, with the user EXCITING CURRTMT Ip ‘AMPERES! 
or relay supplier at= 
tempting to define this FIGURE 17: Pcl PATRAS Ce 1200-5, 2,5L800 230 x 
lyinuny, po basa MATERIAL! Ostnin CHAIN ORIENTED SILICON STEEL 
DIAMETER: 500mm 
ing selected exam AREA OF CORE. = 7800? 
ples, Section 6 aims at FREQUENCY: 60 Hy 
xeminding users of the 
influence of CT transient 
distortions on relay per= 
formance and providing CT 
designers with some appre~ 
ciation of what the relays 
do with these outmute. 


6.2 Dancer of 
Goneral 


tions 


Each relay devign 
embodies distinctive 
transient characteristies, 
Mo relays from different 
suppliers for the same 
application (e.g, high 
speed transformer differ- 
ential) with comparable 


steady-state performance "te 

may display significantly 

Witferent transiont chi iGURE 18: FAILURE OF BREAKER A DELAYS CLEARING 
acteristics in the presence OF FAULT (1). EXCITING CURRENT Ie MAY SIMULATE 
of distorted CT output. FAILURE OF BREAKER 8 


Various refinements or 
sublleties of a design can exert profound influence on its transient performance. 


Accordingly, the reader should be cautious about generalizing from the 
examples and reprosentative values presented in later paragraphs. 
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6.3 Adverse Effects 


CT distortion may cause losn of security (undesired relay operations) or 
lack of dependability (failure te operate or operation with excessive delay), 

ih Relaying, security and dependability represent the two facets of reliability. 
Depending upon the relay design, the prime aspect of CI distortion may be zére. 
erossing shift, peak reduction, ras value reduction or harmonic content, 


6.4 Effects of CP Distortion 
6.4.1 General 


in some cases the external fault condition dictates CT quality, while 
in others the internal fault governs. ‘The followin; examples identity the crit= 
fea fault conditions or parameters, ac well as indicate some relay desiym 
techniques for minimizing undesirable responses to distorted OT outputs. 


6.4.2 Percentage 
Differen= 


tial Relay 4 


6044261 afl - ( MEE 


| 


Security 
Aspects Uy... OP — OPERATING ET 
nae 5 J nes —RESTHAIT CRT 
sually a mh, HT ietaserantouls 
the external fault re- | eee 3 Foe aaa 
quirements dictate the | Fi | 
Ct quality needed, If 
the transient perform= 
ance of the two Cl's in 
Figure 19(a) to identi- 


tar 
‘op | 


cal, Iyp is aluost zero aie’ = 
unleno an internal fault x 
occurs, (Actually three = 


CTs are involved since 
Ty i one output from 
delta connected CTs), 
However, due te differs 
ences in remanence and 
manufacturing tolerances 
even nominally matched 
Cl's may generate false 
operating current. 


OPERATING 


Fig- 
ure 19(b) defines the 
current required for 
operation, While this 
characteristic applies 
only for steady-state, 
fundamental only, no- 


Top — MULTIPLES eF et RATINGS 


phase-shift conditions, 
it does five cowe in- 
shut into the transient 
error current levels 
which the relay will 


ker MULTIELES OF CT RATING 


(by REQUIMED OPEHA TING CURRENT (iy AT OOM 180" FROM ty) 


FIGURE 19: PERCENTAGE DIFFERENTIAL PROTECTION EXAMPLE 
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tolerate without undesired operation. lote how the restraint quantity (I, + 
Ty)/2 desensitizes the relay at the higher current levels where substantial 
Aistortion is expected. 


Where the CT saturation factors are quite dissimilar, the 
designer may rely on time delay to help override the interval between the two 
“times-to-saturation,." Of course, for the longer time constants, even for low 
current protracted faults, the difference in times-to-saturation become too 
larne for tine delay to be effective, For this reason stabilizing-impedance 
effects play a key role. Operating circuit impedance Zyp in Figure 14(a) 
"stabilizes" the relay in three ways during external faults: 


Increases the bunien on CI-X (the better performing CT), 
shortening its time-to~saturation, As CI-Y starta to 
saturate, the difference current produced by CT-X flows 
through the stabilizing resistance, increasing Cl-x 
exciting voltage. 


2, Decreases the burden on C2-Y, lengthening its transition 
from partial to full saturation or for moderate conditions 
reversing the rise in core flux. With CT-Y partially 
saturated, CT-X produces a stabilizing resistor drop in 
the direction to reduce CT-¥ exciting voltae. 


3. Forces some of the CI-X (the better performing Cl’) unbal- 
anced current to flow through Cl-¥ exciting-impedance 
branch, thus reducing undesized operating current, As 
CI-¥ distortion increases, its exciting impedance decreasea, 
enhancing thie "stabilizing" effect, 


¥ach design then has a distinctive combination of percentage 
differential characteristic (sensitivity), time delay function and operating 
cizcult impedance, yielding its distinctive tolerance to disparities in Cl 
saturation factors. 


A transformer differential relay must be desensitized compared 
to @ qonerator differential relay to handle steady-state operating current 
resulting from power-transformer exciting current, current mismatches due to 
power-transformer tap changing under load and imperfect nominal matching, Fig- 
ure 19 omits the relay taps or auxiliary current transformers needed to adjust 
for the individual CY current differences inherent in the power transformation. 


The range of ratio-matching capability vithin the relay is 
frequently insufficient to allow connection of all CTs to their full winding. 
Normal practice ts to accept the degradation in CY’ performance attendant with 
only partial use of the winding, rather than add auxiliary CTs. Depending upon 
the quality of the latter, partial use of the main CI windings may yield the 
better overall performance. On the other hand, the CT inowlation may be over- 
stressed by a high operating circuit burden, since autolransforser action in 
the main CP mapmifies the burden voltage. For example, with only 5U% of the 
tums in use the voltae across the full winding is twice the bunien voltae. 


Transient power-transforuer exciting current ("inrush") tends 
to look like an internal fault, except for the distorted wave form, Some relays 
use harmonic restraint circuits energized by Ipp in Figure 19(a) to disable or 
desensitize the differential relay in the presence of substantial haraonics. 
For example, a second harmonic content may restrain the relay if more than 15% 
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of the fundanental, ‘This restraint can help to block relay operating during 
external faults when CY distortion generates sufficient harmonics. 


6.4.2.2 Dependability Aspects 


Mamonies generated by the CT during an internal fault might 
delay or prevent tripping of harmonic-restrained relays. in insensitive level 
detector ("inntantaneous trip") actuated by lop in Figure 19(a) may be employed 
to reduce the demands of CT quali This detector trips at a level independent 
of the percentage differential relay unit, For faults below this level (e.ce, 
000% of rated current) the GT should not saturate before the percentage differs 
ential relay can operate (e.g, 40 ms minimum time-to-saturation), 


For relays without harmonic restraint probably the prime con= 
sideration is delivery of sufficient energy to the operating circuit after CY 
saturation oceurs, unless the relay operates prior to saturation. During a 
fortion of the cycle the CTs recover from saturation to drive current (Igp) 
through the operating circuit. The higher the operating cizcuit impedance 
involved, the larger the required Cl! voltage capability. 


Nxperience indicates that Ci's which do not saturate during 
tho maximua external symmetrical faults provide dependable protection, 


6.4.3 Differential level Detection 


Figure 20 

shows a level detector 
protecting a bus (sim= 
plified to just 2 elre 

cultn) and energized by 

the phasor sum of the 
currents (in this case fx 
Iy- ly). The energy 
needed to operate is 
fixed in contrast to 
the Figure 19 chare 
acteristic where it 
varies with restraint 
current level. 


Gededet 

Security 

Aspects: UU ~ nesipuar connection 

Ye EXTERNAL FAULT 

A means fay 
for avoiding misoperation Ye — INTERNAL FAULT 
due to dissimilar CT per- Ry. Ry — CT WINDING RESISTANCE 
formance, no longer in Fixe Ruy — LEAD RESISTANCE 
vorue, involves some Ry — STARILIZING RESISTANCE 
combination of time delay ae. & Bhtanee caten. 
Bre Tevek contol vest 2p LEVEL DETECTOR IMPEDANCE 


minimum pickup at UO% of 
rated current and 120 me 
operating time at 100g%) FIGURE 20: DIFFERENTIAL PROTECTION USING LEVEL DETECTOR 
of rated current. Ina 

few cases such sensitivity is unacceptable; more to the point, as de time con+ 
Stants lengthened and acceptable fault clearing times dropped, a secure time 
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setting became unsatisfactory in many applications, 


Stabilizing resistor Ry in Figure 20 helps to improve security. 
During intervals when CT-Y saturates severely, the relay current in approximated 
byt 


Top = ty My + By) / (tg + Ry + Ry) (6) 


Squation (6) neglects the influence of any reactive elements and relay resist= 
ance. Aa the desimer selects larger values for Hy, a greater portion of I, is 
forced through saturated CT-Y, A high relay impedance 4, may obviate the need 
for a separate resistor Rg. For 5-4 Cl ratings, stabilizing impedance effects 
wilt be neclisible if operating clreuit impedance is 1 ohn; moderate at 10 ohnay 
predominant at 2000 ohms. 


Cl requirements could be based on avoiding Cl saturation during 
an external fault, In this case the possibility of a breaker failure mat be 
considered, For short system time constants such as Ty = 0,06 s little reduction 
in Gt quality requirenents accrues from considering the limited fault duration; 
assuning a fault duration of ¢ = 160 ms and CT time constant of ily = 2 9 (closed 
core), Mgure 6 inddoates a mininun saturation factor of 20.8 to avold distortion 
in comparison to the asymptotic value of 21.6. Comparable saturation factors for 
Ty = 0.4 © (#igure 10) are 50 and 103, So for senerator Cl's in particular, it 
could be rewarding to consider the actual external fault duration, 


Gehe3e2 Dependability Aspacts 


If iis in Figure 20 is increased too much to allow a lower oper 
ating current level, the CT insulation becoues overstrensed. Limiter VL in 
Firure 20 is sonetines used to reduce the insulation stress; however, VL doos 
not obviate the nead to limit fiy + iy (as well as the Cl leakage inductance) 
80 the relay operating point falls within the permissible range of inoulation 
stresa, 


Gt carrying little or no primary current for a particular 
internal fault will draw exeiting current from the active CYs in proportion to 
the drop across the relay operating circuit. Since this idle-Ci excitation 
reduces the relay primary-current sensitivity, it aloo constrains the practi- 
cal levels for the stabilising resistance, 


High-impedance relays by their nature must operate with highly 
distorted output, accordingly, time-to-saturation considerations can be ignored. 


6.4.4 Product Differential felay 


In Figure 21(a), operating current Igp is (1) - Ix), where I, is the 
residual current from three wye-connected CTs ti) Tuls angle-comparigon relay 
is polarized by power-transformer neutral current Ty to provide sensitive ground 
fault protection for resistance-grounded applications. 


6.4.4.1 Security Aspects 


Since external ground faults subject the Cl's to low-current, 
short-time-constant conditions, the main concern is dissimilar transient per” 
formance of the three Cfs at X in Figure 21(a) for external phase fault 1, 
False residual current for this condition produces operating current. Since 
primary neutral current is negligible for phase faults, the (Iy)(lop) product 
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vill be quite small, 

allowing the relay tine 

delay lo override the o 
transient period. If x 
the exciting current 

in CI-Y predoninates 

(generated by the bur- 

den voltage across the 

operate coil), current 

ly flows in the re- 

elraining dizeetion 

(quadrant IIT or 1¥ in 

Flyure 21()). 


AA 


cT-y 


BeAad 2 

Depend= OP — OPERATE COIL 

ability P  — POLARIZING COIL 

Aspects: PHD — PHASE-CURRENT DEVICES 
R  — GROUNDING RESISTOR 


Ho GP UJ~ RESIDUAL connection 
problem exists for inter= 


nal youn faults due to 
the current-lmiting and 
danpiag effects of ground= 
dng resistor KR. 


— — EXTERNAL FAULT 


(@) CONNECTIONS 


6 5 Phase 
Comparison 
Ty (REF) 

Bua or Lit 
protection a; is may 
compare the relative phase Hy 
poaitiona of the currents Wijyty, 
flowing in and out of the YY py, 
protected gone, Ostensibly, —-$DNMaaLL MU aii 


these designs would be oe 
concerned merely with the OPERATE ZONE FOR lop 


effects of aere-croseiny; 

Pet he (b) ANGLE CHARACTERISTIC 
wate oeseatmate FIGURE 21: PRODUCT DIFFERENTIAL RELAY FOR 

fhed, Figure 22 introduces BRUNO EAVLT PROTERTION 


the basics of solid-state 
phase comparison desiqs for power-line protection. Normally I'y = I'y neglect= 
{ng Mne-capacitance effects. in internal round or short circuit reverses Unis 


phane relation, although now the current magnitudes are not constrained to be 
equal. 


Hesistor He in Firure 22 jenerates a current-proportional potential, 
vhich is squared by SQ. Ir L and RM coincide for at least 4 ma, the breaker is 
tripped. Figure 23 shows these two square wave inputs - traces 2 and 3 - with 
no CI distortion for the offset-wave trace 1. ‘race 2 is derived from trace 1 
Where the SQ output occurs only with Iy mamitude greater than level ll, Note 
that I shortens the square wave width, Depending upon current level and upon 
vhether the designer intends a finite value for Ll, the shortening effect may 
or may not be negligible. Iy, not shown in Figure 25 equals -Iy to generate 
trace 3. 
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Trace 1 in % x 


jure 23 also shows hk} rower ume 


a saturated output 


which would generate 
trace 4, CT dis 4 
tortion materially 


shortens the “local” 
pulnes, ‘lo improve 
dependability a 2.5 as 
pulse stretcher could 4 i 
ve added, converting 
the local signal from 
trace 4 to 5. Assuming 
that trace 5 results 
from an internal tnult DANGLE COMPARATOR 
during which GY re~ Wr \ 7 
mains unsaturated, ly 7 1 
generates trace 6. The ‘ ‘ 
shaded area for trace 6 cannes PEF 
produced by the pulse 29 — THER, dias OPERATE’ my RESET 
stretching cireult in ey SQUARING CIRCIIT 

out off before 2.5 as fc ~ RESISTOR 

elapse when Ty changes Lr ee sis 

polarity and exeeeds at itis 

level Ii, This feature, 
not shown in Figure 22, 
minimizes undesirable 
stretching during external faults, Trace 7 shows the result of inputting traces 5 
and 6 to the AUD in Figure 22, The 9 ms drop-out delay fills in the dotted area 
in trace 7. his pulse stretching is desirable if tripping requires tho action of 
other circuits as well as the output of the Alb circuit. 


FIGURE 22! PHASE COMPARISON DIFFERENTIAL PROTECTION 


Return to the CT distortion seen in trace 4 compared to 2 in Figure 23, 
in this example, pulse width closely follows the input-vave zero crossings. 
Depending upon the degree of influence of L1 and the polarity and level of CY 
output during the saturated interval, the pulse width could depart substantially 
from the period between zero crossings, In Figure 23 pulse shortening tends to 
reduce dependability; however, if the pulses are generated by the negative por- 
tion of trace 1 and Lt is much smaller, the C? distortion would lengthen the 
pulse width and threaten security, 


‘The time delays 4/9 ms in Figure 22 (and 2.5 ms in Figure 23) are some= 
what arbitrary, ‘he 4 ms setting provides security in the presence of phase 
shifts due to shunt capacitance effects, as well as due to CT distortion, In 
various 60-Hz designs this delay ranges from 3 to 6 ms (65 - 108°), For higher 
current levels where severe CT distortion could occur, the primary currents 
rarely shift from nominal more than 15° for extemal faults, On this basis, 
the relays can tolerate zero-crossing shifts due to C7 distortion of at least 
25° without endangering security (allowing at least 15° safety margin). In 
most cases the critical connideration for line-protection systems is the effects 
on dependability for internal faults, since the current mammitude and degree of 
phase unbalance may not be nearly equal as they are for external faults; thus, 
many additional factors can contribute to phase shifts during internal faults 
which may dictate more stringent CT requirements. 


As in other applications, fast relays may allow a relaxation in OT 
requirements, if they can initiate tripping prior to severe CT distortion. 
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Of course, if the external 
faults are dictating the 
Cl quality, the faster 
relay may need higher 
quality OTs since it has 
less time delay to aid 


in maintaining security. 2) 


6.4.6 Over= 
euerent 


Figure 24 shows 
a directional overcurrent 
relay tripping breaker 5 
for faults on tie line 


S-T. In the directional —{#_ LOCAL (uNsaTi — F-) roo 
unit a polarizing poten- H | 
tial V reacta with the | 

line current I to block (3) REMOTE ' 
tripping for fault-power a | i 


Clow from right to left i 
(i.e., for fault "behind" (4) LocaL sat’ 
the relay). fi 


Selecting the (3) LOCAL ; 
polariging potential V posallbldalictiah H 
an the reference, Fig- beech i call 

ure 24 shows the 180° 


band of line-current | a 
phase positions which ih 
[ra Fn 


produce contact closing. 
line R-R bounds the oper- 

FIGURE 23: SQUARE-WAVE GENERATION AT BREAKER X 

IN FIGURE 22 (SCALED FOR 60 H)) 


8) (0) 1 arom 


ating sone. Considering 
various applications ant 
types of fault, the pri- 
mary ourrent may fall 

anywhere in the area bounded by lines P-0-P for internal faults and by Lines 


Q-0-Q for external faults. A 10° current shift caused by Cl distortion probably 
will have a negligible effect upon relay reliability, 


Ground directional units use the interaction of line residual current 
with a polarizing quantity. Reversed faults not involving ground poue a secu- 
rity throat because of the false residual current jenerated by dissimilar 
transient performance of the 3 Line current transformers (10.11). ‘The polar 
ising quantity in the absence of a ground fault consists of triple-order 
harwonics and small amounts of fundamental resulting from series unbalances, 
Under these conditions the two inputs to the phase comparator are totally 
unreliable; hopefully the inputs are below directional-unil operate level, 

or the triple-order harmonics are integrated out, or the residual current is 


helow overcurrent unit pickup, or the time-overcurrent delay overrides the 
transient condition. 


Ground directional units may use for the reference (polarizing) 
quantity the power-transformer neutral er tertiary-winding currents, ‘the 
reference current reacts with the residual current from the protected line 
to detemsine the direction of the fault, Very poor Cl! transient performance 
can result due to excessive polarizing CT burden relative to CI quality, 
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beeause of the multi- 
plicity of relays and 
the large effective 
union resulting from 
CY paralleling. Fig- 
ure 25 shows C's from 
4 power transformers 
paralleled and feeding 
0 relay polarising cir~ 
cuits. A 3-ohm relay 
and lead burden would 
he mnymified to 4 x 5 
= 12 obins with equal 
current outputs from 
the 4 CTs, These are 
extreme but represent- 
ative values for S=he 
rated Cl applications. 
Frequently, the prob= 
lem here is further 
aggravated by the low 
CT ratio selected. 


Internal 
fault operation of 

the overcurrent units 
also needs to be exam- 
ined. The instantaneous 
unit in Figure 24 pro- 
vider fast tripping for 
faults on as much of 
the line section S-T 
as possible without 
aucrificing selectivity 
(i.e., breaker § should 
not open for faults to 
the right of breaker T), 
‘Thus, a erttical condi- 
tion relating to CT 
performance is the 
fault producing cur= 
rent near the minimum 
operate level of the 
instantaneous unit. 
Note as the power line 
nets shorter, this cri- 
tical current level 
Settings as 
has 7 times CY 
ting are not rave. 
Even with solid-state 
designs, operating 
time increases for 
inputs near the deci- 
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Ws) — ANSTAN TANEOUS OVERCURRENT UNIT 


TIMEO © ~ INVENSE TIME OVERCURAENT UNIT 


\ 
\ 


Winer) r 


FIGURE 24: DIRECTIONAL OVERCURRENT PROTECTION 


4A —Hy 


{AK 


FIGURE 25: A RELAY CURRENT~ POLARIZING CIRCUIT 


sion point; this situation is desirable for security reasons, although the de- 


signer may not purposely provide it in some cases. 


Accordingly, substantial CT 


distortion below 150% of the instantaneous-unit pickup may cause undesirable 
trip delay (e.g., extra 10-20 ms) or failure te operate. 
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The time overcurrent unit in Figure 24 protects for those faults that 
produce currents below instantaneous-unit pickup, In order to cover the end 
zone near Il, TIME O/C needs to be delayed te allow breaker U time to remove 
faults to the right of U. For faults near U, breaker § delay ranges from 200= 
800 ms. Depending upon design, reduction in ra value aay be the key index 

to the effects on the time delay, Hany types display nearly constant operate 
time at the higher current levela, indicating a larger tolerance for reduction 
in ms level for a wide range of currents. However, the more inverse type 
Would bo more prone to loss of coordination, Also some deaigns, particularly 
the older ones, may be markedly wave-form sensitive to the point where a look 
at the ms value is somewhat misleading. Critical levels for TIM= 0/C rarely 
exceed 6 timos CT rating, 


6.4.7 Distance 


Figure 26 
vesembles Figure 24 ane 
in that the distance — ——— 
relay ia directional 
(although a separate | 


tomes 


directional unit is 

not needed), zone 1 
provides fast trip- ' 
ping as does the 


instantaneous unit rr 

in Figure 24, and . 

breaker $ is time- 200 | 
delay tripped for 7 

faults near 7. In AVA -n 
Figure 26 high speod Lochtion — Oncnare 


coverage depends upon 


the impedance pre~ 4 remy 

sonted to the relay % HeAATOR WEPLICA MaPOANCK 
rather than current 7 UNC IMPROANCE WiRD S70 10) 
mamitude. Replica 4 = OUTPUT WHT tze- owt 90" FANN 


iupedance 2 (line= 
‘iaop compensator) 

matches the desired 
line impedance cov= 
erage 41, factoring in the effects of CT and PT ratios. 


FIGURE 26: DISTANCE PROTECTION EXAMPLE 


Current I flowing in the line-drop-compensator primary induces a 
secondary potential 1%, proportional to the power-line drop when the fault 
eccurs at IP. ‘This induced potential modifies the bus potential to produce 
one of the two phase-comparator inputs: IZg-V. The comparator balances when 
Tg-V ta in phase or 180° out of phase with V or when I%-V = 0, producing 
the circle characteristic shown on the WX complex planein Figure 26. 


Faults on the protected line present an impedance Z to the relay 
which falls along the “line” on the R-X diagram when the faull involves the 
phase(s) to which the relay is connected (c.ge, phase B to ground fault when 
the relay measures Vy¢ and Ig). As with the directional unit of Figure 24, 
most of the 180° nonoperate zone of the distance relay is necded to handle 
the various unbalanced fault conditions for reveraed faults; however, distance 
relay security should not be adversely affected by a 10° 2ero-crossing shift 
for reversed faults, Wote however, that the relay impedance reach is phase- 
angle sensitive (e.);., Figure 26). A zero-crossing shift also implies peak 
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magnitude errors and severe distortion. The combined effects can cause appre- 
eiable reach changes, plus or minus. 

‘Yo tiaintain near-nominal zone-1 coverage, Cl! distortion must be small 
for faults near BE in Figure 26, For this fault location, current in breaker S 
will be small if line S-T is long. Accordingly, the rt line places the highest 
demands on CT quality. Currents as high as 10 tiwes rated can result for BP 
faults, although these levels rarely exceed 5 times rated. 


6.5 Bon 


wt 


sidence 


ents 


While the prime purpose of this report aims at predicting when the CT out- 
put becomes distorted, the secondary-current and the core-flux transients 
following fault clearing are relevant. Breaker-failure-relay dropout can be 
delayed by the current transient; trapped transient flux present at the instant 


of high-speed reclose can reduce the time-to-saturation should the fault be 
reestablished. 


G.501 
Current, 
Transient 


Wwe TURNS. 


At clearing, Secouonay 


ERBEEGD, exclttng your (a) TEST CINCUTT — OPENS AT two 
rent discharges undi- 

rectionally throwh 
the secondary, With 
a resistive bumlen the 
ac exciting eurrent is 
out of phase with the 
primary current; with 
primary current inte: 
rupted near ite natural 
were, the inatantancous 
value of ag exciting 


tw.ol- 


1 = NoGAP 
2 0,000! PER UNIT 
3 Ucn PRR UNIT 


SECONDASY CURRENT ~ A 


— 
ourrent will not be eine 
zero, Substantial ex- I 
elting current result- 21g —ja0— 2800 — a9 — Soe — Too 
ing from the offset ee 


fawlt current will be 
trapped regurdless of 
the burden power fac- 
tor, Figure 27 shows wo 
subsidence current 
transients. Ab t2o, 
switch 8 interrupted 
10 Ade Plowing: in a 
16Q-turm test winding, 
vepresenbing a trapped 
10 A exciting current 
at fault clearing, 
Current in the second= 
ary is plotted. after 
obtaining curve 1, the 
SOLE wes Eh gaa butted, FIGURE 27 SUBSIDENCE CURRENT TEST RESULTS 


yielding an effective (GRAI ORIENTED SILICON STEEL, 
air gap of 0.0001 per BID, 10" OD, 2° HIGH) 


(by RESISTIVE AUROFH — 0.26.01 


1 = nOGAP 
2 = 9, QUO PRR UNIT 
1 = 0, cous PER Un 


| 
| 
| 
| 


AME me 


€) RESISTIVE BURDEN — 1.4.0hmS 
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unit length of core path, After cbtaining curve 2, a spacer produced an effective 
gap of 0.0005 per unit of core, 


By comparing (b) and (c) in Figure 27, the damping effect of increased 
resistive burden can be seen. Note, also, that air gapa slow the current decay. 
Without gaps there is less flux change in the saturated region as the current 
decays, See 6.5.2 for further discussion of this. 


For trapped exciting currents less than 10 A, but above 0.25 A (the 
nininum value of interest for breaker-failure cuxrent units), the time scale 

in Figure 27 can be shifted to approximate the transient. For example, for an 
initial 5 A, shift the scale so that $A exists at t=o, Ureaker-failure current 
detectors sould be insensitive to this current waveform, to avoid the need to 
increase their pickup or to minimize the required breaker-failuro-timer delay. 
Test results in Figure 27 seem to contradict the statement that air gaps reduce 
the secondary time constant. Note, though, the secondary time constant as de- 
fined in this report applies when the core flux is in the unsaturated region. 
It relates to determining the time-to-vaturation, Figure 27, in contrast, 
applies where the core iron is initially at its highest flux level, 


6.5.2 Flux Transient 


Figure 28 con- 
trasts the locus of flux 
Wlecay for a closed-space 100 
and a gapped=core CY from 
a 10 Ainitial current 
value, With a closed core 
there is relatively little 
flux change to sustain the 
current -- the final flux 
value (residual flux) is 
not much smaller than the 
initial value, With the 
Gapped-core CT the Mux 
io heading for a much 
lower renidual value == 
current is sustained more 
by larger flux decay. 


CLOSED CORE 


GAPPED CORE 


50 


© FLUX — IN PER CENT 


RESIDUAL 


‘The trapped flux of r 
at the instant ef reclos- 
ing, particularly with a ie — AMPERES. 
Gapped core, may be ap~ FIGURE 28: FLUX DECAY FOL RAP! 
preefably higher than the E26: FLU: Y FOLLOWING TRAPPED EXCITING 


CURRENT OF (0 A 
residual flux, because of 


its finite decay time, 


Accordingly, the time-to-saturation following reclosure may be shorter than the 
values given by Figures 4 to 11. 


‘78 CHIT304~ PAR 


SMARY AND DISCUSSION 


This report presents a simplified method for estimating the ability of most 
ring-core CT's to transform offset currents. The method determines a time-to- 
saturation, during which time the CT-secondary current is a faithful replica of 
the primary current, A series of generalized curves has been developed that 
provides an approximate time-to-saturation for wost CT designs and over a wide 
range of burdens and syste parameters. Since CT-core remanence can signifi- 
cantly reduce the time-to-saturation, the effect of remanence may be taken into 
account by applying a factor presented in Section 4. 


As a note of caution, the user should be avare that the method produces 
results that are approximate and are often on the pessimistic side. One reason 
is that the curves were derived assuming maximum offset of the primary current, 
‘hile it in not impossible to have a fully offset current, fault incidence is 
more likely to oscur during voltage maximum hich would winimize the offset, 
‘Therefore, consideration should be given to the use of partially offset cur- 
rents aa noted in Section 5.4 of the report, 


In addition, the curves were derived asmuming a flux wave corresponding 
to the upper envelope of the instantaneous values of flux as noted in curve A, 
Figure 2. his ansumption usually gives a time-to-saturation of less than the 
actual, ‘he orror might be up to one-half cycle, which represents a large per- 
contage of the first couple of cycles. The results are still of value because 
they will indicate a possible protection problem, 


Finally, the tine-to-saturation curves were derived assuming a saturation 
flux density which 1o at the lower limit of the saturated region of the mage 
netization curve. It is evident from Cl! performance data tat at this flux 
density the GT will still deliver a significant output current. Therefore, 
the user is cautioned Lhat the CP output current, after time-to-saturation 
computed by the method of this report, will show evidence of distortion, but 
in many eases will be satisfactory for relaying purposes, ‘This method docs 
not indicate the degree of distortion. 


Tn conclusion, it should be emphasized that the report presents a method 
for estimating the transient performance of current transformers, ‘The value 
of this method lies mainly in its use as a test to spot questionable applica- 
tions. 
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SYMBOLS FOR PARAMETERS 


Note: Underlined terms are defined in Sec 9 


cross nection area of the magnetic core of a CT 


instantaneous flux density in the magnetic cora 
of a cr 


maximum value of B when B is alternating 


value of Bua when the induced voltage in the 
core of a CP is Vy 


induced instantaneous voltage in a winding of 
acr 


value referred to CT secondary winding 


magnetic field strength acting on the core of 
acr 


alternating current, rus 


alternating exciting current in the winding of 
act 


power-oystem fault current 


alternating current in the CT primary and 
secondary circuits respectively 


instantaneous current in the CT primary and 
secondary circuits respectively 


saturation factor of a CT 

change in Ky owing to Lp 

inductance of CT burden 

mean length of magnetic path of the core of a Cl 
mutual inductance of a CT 

M referred to CT secondary circuit 

turns in CP primary winding 

turns in CT secondary winding 


resistance 
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q 


a 


u 


fe CHIT30-4 Pu 


power-system short-circuit loop resistance 


resistance of total CT secondary bunien (winding 
plus external resistance) 


time-to-naturation 


time constant of the transient component of 
power-system fault current (equal to %4/R,W) 


CT secondary time constant (equal to (Ig + Mp) 


78) 
alternating voltage, ms 


induced mms alternating voltage in a winding of 
ace 


saturation voltage = ms 

power-system short-circuit loop reactance 
impedance 

Wo/y 

inverse of tg: (1/1y) 

inverse of Ty: (1/7) 


Rp 
phase angle of CT burden (tan™ i W/ity) 


fu linkages in the secondary winding of a CT 


(gp) 

permeability of free space 

relative permeability of the core of a CT 
instantaneous flux in the core of a CT 
symuetrical alternating component of > 
transient component of > 


power-systea angular frequency 
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a 


a 


rad/s 


‘Te UU 3U=4 EWI 


9%. DEPINTSTONS 


Oe on (IM Publication 50(05)-1956, Fundamental Definitions, 


05-25-130) 


Tue state ef a ferromarnetic substance placed in a field ao strong that 


the intensity of mymutization becomes independent of the field; the gubstance 
is then said to be saturated, 


In a wider senae, a ferromagnetic substance is said to be more or leas 
saturated according to whether its mametization is more or less close to 
saturation. 


9.2 Region of Saturation 
The xange of magnetic states of a ferromagnetic subatance that is more or 


leap saturated. Tue least saturated state may ve specified in ems of the 
saturation {lux density of the substance, 


9.3 Satumtion Mux Density 


‘The flux density (of a ferromagnetic substance) defined in tems of the 
geometry of the magnetization curve. 


Note: It is above the flux density at the point of maximum permeability, 
9.4 Saturation Yoltaye 
The induced power-systom-frequency alternating sinusoidal voltage in the 


feconlary winding of a GT wien the core is in a symmetrically cyclicly maguet= 
ized condition, and the peak induction is saturation flux density. 


Note: he value of saturation voltae can be graphically determined from 
the standard CT excitation curve as decribed in Section 3.1. 


9.5 Mmen'o-Saturation of a Current Transformer 


The time interval that starts with the onnet of primary fault current and 
ends when the core induetion first reaches saturation flux density. 


9.6 Saturation #actor of a Current ‘Transformer 
Saturstion Factor of a Current Transfornor 
The ratio of the saturation flux density of the core to the peak flux 
density when the CI is operating under a specified steady-state condition vith 
Power-nystem-frequency currents in the primary and secondary windings, 
9.7 Per Unit Offset of Fault Current 
The instantancous value of the asyumetrical component of fault current at 


the time of fault initiation divided by the peak value of the symmetrical alter 
nating component of fault current, 
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NATION OF CURRENT TRANSFORMER MANSIENT CAPARTLITY 


The transient capability of a CT can be determined directly from the basic 
equation for the rise in core flux density due to asymmetrical current, knowing 
the variation in flux density as a function of time and the saturation flux den- 
sity level, it is a simple matter to determine the time-to-saturation and thereby 
the number of good cycles a Cf will produce, ‘his approach has beon used in the 
technical literature and is the method used in this report, 


Jerivation of #lux Density Equations 


The accurate determination of CT flux density is a complex problem requiring 
the solution of differential equations with variable coefficients, In this in- 
atnnee, the variable is the CY mametizing characteristic which for an exact 
solution, would have to be represented by the hysteresis loop(s) for the Cl. 


While it is possible to solve this complex problem with present-day matho- 
satical techniques and computers, it is not essential to use thia degree of 
accuracy, For all practical purposes, reasonable results can be aciieved by 
assuming that the mametiaing characteristic can be represented by a linear 
reactance, ‘This simplifying assumption has been used in most studies of CP 
perfomance and is used in this derivation, 


Appendix II provides one approach to the derivation of the expression for 
flux density when an asymmetrical current is applied to a Cl. The assumptions 
made in deriving the expression are: 


1, The ourrent transfonser has each secondary winding section fully and 
wniformly distributed, The CT has a one-tum primary winding, and 
the effects of the return conductor are ignored, If it is desired 
to consider a CT without fully distributed windings, the resulting 
expressions can still be used by including CT secondary leakage 
inductance in the total burden inductance. lowever, leakage flux 
can cause earlier saturation than that calculated, 


2, ‘The bunten consists of both resistance and inductance, 
3. The primary current is fully offset -- the worat case, 


4, No residual mametiom, The consideration of the effects of residual 
magnetism are discussed in the body of the report, 


‘The basic differential equation for the CT was solved by the Laplace 
transformation method, ‘The procedure provides direct solutions for the rather 
complex combination of functions from readily available tables, 


The complete expreseion for the magnetic flux density in a CT with resist- 
ance and inductance burdens is given by equation (7) of Appendix Il, This 
expression can be simplified by the elimination of the second and third tems 
in the equation, These two terms have a negligible effect on total flux density 


singe their coefficients are generally very small as compared to the coefficients 
of the first and last terns. 


The simplified expression is given by Equation (8). Jn this equation the 
left term within the bracket representa the transient component of flux required 


34 


Je CL .u—g Wa 


to reproduce the de component of current while the right term represents the flux 
required to reproduce the ac or steady-state component of current. 4 plot of the 
total flux density will be of the form shown in Figure 2 and will reach a maximum 
for each cyclo of the sine tema. 


4 further simplifying assumption which produces slightly pessimistic results 
is to consider only maximum positive values for the sine term. With this assump- 
tion, only the maximum values of flux density are given as a function of time, 
These maximums are represented by curve A in Figure 2. 


The modified expression for flux density for a CY with both resistance and 
inductance burdens is given by Equation (9) while Equation (10) gives the flux 
density for a CT only with a resistance burden, 


Equations (9) and (10) for flux density could be used to determine the 
transient capability of a CT, For specific values of primary current, burden, 
core area, turns ratio, CY and system time constants, the flux density could be 
calculated and plotted as a function of time, From this plot, the time to reach 
a specified saturation level could be determined, This approach would require a 
new calculation and plot for each ehange in parancters. 


While thin approach is feasible, a more generalized and direct method has 
been devised to determine CT transient capability. A wodified fora of the flux 
density equations are used to develop a series of curves that will provide the 


transient capability of a variety of CT designs over a wide range of operating 
conditions, 


Derivation of Expression for Tim Saturation 


Appendix Il gives the derivation of the expression used to develop the 
time-to-naturation curves, As noted, the flux density equation for a UT with a 
veuistance burden is used as the basis for this derivation, This equation is 
modified by setting the tern 8 equal to a saturation flux density level 3, and 
then expressing this flux density in terms of a Vy the saturation point voltage. 
This voltae ean be obtained frow the open-circuil secondary excitation charac- 
teristic that is readily available for most Cis. This procedure is approximate 
in that it assumes there is a linear relationship between the induced voltage 


and flux. The expression for By is the familiar expression for induced voltage 
found in most textbooks on electrical machinery, 


‘The resulting Equation (11) gives the transient capability of a Cl! in 
parameters that are easily obtainable. For specific values of system and CP 
secondary time constants (Ty, T2) a plot of the right side of the equation as 
a@ function of time will be of the form shown by A in Figure 2, For specific 
values of Vy, I), Np and Ro, this curve gives two values of time, AL] values 


of timo to the Ieft of the peak are the times to reach the saturation flux 
density. 


‘The bern VyNo/T)Rp is called the CT saturation factor and is designated 
by Kg. Hquatior tid and (12) give the transient capability in terms of Es 
for a CT witharesistance burden and for a CT with both resistance and iniuet- 
ance burdens. 
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INSTANTANEOUS FLUX DENSITY IN A BUSING CURRENT 
TRANSFORMER DUE TO _AN ASYMMETRICAL PRIMARY CURRENT 


The following derivation assumes a bushing current transformer with a 
single primary turn and a fully distributed secondary winding. 


The flux density in this type of current transformer can be determined from 
the voltage equation of its secondary circults 


=- 2 (1) 


where? 


induced secondary voltage 


Ag = flux linkages due to mtual flux 


‘The voltage ¢, may be expressed in terms of secondary current and burden as 


(141) 
and the flux Linkazes as 
Ap = Nap = NQBA (1.2) 
where 
= magnetic flux mutual to primary and secondary 
NOTE: With fully distributed eccondary windings, the CI secondary leakage 
reactance is approximately equal to zero. 


From (1.1) and (1.2) we gets 


GB 
Alte = Agly + Lage (2) 


he secondary current may be expressed in terma of primary current and the 
maf acting on the core 


Substituting for ht 


where 


ny = 40 x 107! honeys per meter 
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we gett 


Be 


= (3.1) 
Bont, 
The derivative of the secondary current iat 
i ac (5.2) 
at dt Ny dt wu 
Substituting in equation (2) 
an, Ben, |b. Be +t, |. et (3.3) 
2dt = ny won! ia 2 at Ny cia woud 
an _ Boty BER, Sy an to (34) 
Ae uae Parade “ug aba . 
2 ‘ofr 2 2 ope 
(3.5) 
an ne, 
at dt 
The Laplace transform of this equation is 
R,+S L, . 
. 1 (8 
3() 272 | 1 (8) 4) 
ANS 
Ausuning a filly offset primary current 
4,= ile = cos wt) (5) 
the Iaplace transform of this current ie 
Tfsi= V2 1, (5.1) 
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Simplifying equation (4) and inserting the expression for 1,(S) from (5.1)+ 


i,+M, V2 1, 


Be lhe r (6) 
B(8) |s+ airs 2 S+ w/b, 
This can be simplified to: 
I, Wh, (s + R/L,) 3(5 + 1L/L,) 
B(S) = ri ; 7 i . wie (6.1) 
AND (L, + M, . 2 oe ©. 4 = 2 2 
189 |) OR) Oey) (Po 
V2 1 
lat K = ~ 
ANS 
‘Then (6.1) becomes 
1M (s va) wis+e) | 
a(s) = k —22 (6.2) 


ly +H, | (3 +6) (8 +4) (e+e) (5? +0") 


the solution of this equation gives 


pla-pyer 


Be yw? 


“B 


‘c 


+H, (6.3) 


cos (wt + 0 ~S) 


where 


Z, = Vig +0? 15 
ie 2 
tg = Vij +0? (1, +H) 


21 HUH, + Ly) 
§=ta? 


rearraning terms, this expression becomes: 


»  \eP Ee) (iy \ ett pe") 
Be HL, 7 + 
Ly +H (y¥-B) lig + Hy (y-p) 
a Si 


Paiaeet apt 
IpPilusBoie 2 peal eG eG @ 


Pine estat 1s eae 
(iy +H) @ 40?) a, 
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In general, the following relationships will exist: 
ae) 
Uh>> RB 
by >t 
w = 3577 


With these relationships, the second and third terms in equation (7) are 
negligible, using the following substitutions: 


2 wh, 


yer 


& = tan” = 90° 
Be 
Ry * bos 6 
A, wT tT, 
2 (--t/t =t/2; 1 
Rok? E =i (c ale ) Tore Bin (Ut + 0) (8) 


A further simplifying asausption which gives slightly pessiaistie results 
fs to asoune maximum negative values for the sin (ut +@) term. ‘hat is, assune 
thats 


sin (ot +@) = -1, 


‘Then the final expression for instantaneous flux density for a Cl with a 
resistive and inductive burden beconea 
Fe. 2 1,8, ot, 


(tte a 


a (9) 
AW i - t cos 4 


If the CT has only a resistive burden, the expression for instantaneous 
flux density becomes 


“o V2 UK, | wT, (cre. 
Ate | 7, = 


(10) 
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DERTVAY 


ON OF EQUANION FON TIME-TO-SATUIATION CURVES 


‘The expression used to develop the time-to-saturation curves is derived 
from the flux density equation for a CT with resistance burden (lquation 10, 
Appendix II), 


v2 14R, | wT, My 
— ae 2 evr 7 emi) +A 


2, (10) 
ANS) t - y 
Let 
B= 8 
os 
and 
where 


V,, = induced secondary voltage (rus) al the saturation point 


Substituting the expression for ly in kquation (10) and rearranging terus, 
the equation simplifien to the followings 


ott ON (t/t 7 
a.” DBs. Ny = 


/24 
5 5 ) +4 (41) 


A similar expression can bo der 
inductance burden 


ul for a GT with both resistance and 


(ve -<) ee (12) 


cos @ 


Hquation (11) applies to that part of the time-to-saturation curve that has 
both a positive slope and abscissas greater than 8.3 ms. The remainder of the 
curve beyond the penk is a horizontal straight line extending to the right of the 
peak value. This is because the solution to Equation (11) beyond the peak is 
meaningless when considering time-to-saturation. 


When Ty equals 7, Zquation (11) becomes: 


+4 (13) 
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DEMAGHECIZATION OF CTs 

emanence existing in the closed iron core of a Cl installed in the field 
can be effectively eliminated by applying one of the demagnetizing procedures 
outlined below, As indicated in Section 4, the transicnt capability of a CT may 
not be fully realized if core remanence existu. 


Demagnetizing methods can be classified as folloy 


(1) CT not in service; primary and secondary circuits open, 
(2) OT in service and carrying load current, secondary circuit closed. 


‘The methods of the first classification require the application of either 
ac or de to the secondary terminals of the CT. 


Only one method falls into the sccond classification and it relies on 
developing high induced alternating voltages by inserting additional burden 
resistance in the secondary circuit of the Cf using a variable resistor. 


In the ac methods, demgnetization is effected by first raising the inducod 
voltage uitil the flux in the core reaches the region of saturation, and then 
reducing the voltage to zero in a manner that is effectively stepless, 


In the do method, demagnetization is effected by using a fluxmeter to 
indicate when no significant amount of flux is left in the core, 


Domymetization by Application of 


10,2: 


With the CT open-circuited, power froquency voltage is applied to any two 
Secondary terminals using the same method and equipment as that for an opens 
circuit excitation test of a CT, Required is a voltage source that can be varied 
in a steplecs manner, a voltmeter and an ammeter, 


Proceduret 1, Raise the voltage smoothly until a sharp increase in the 
xate of change of current, as indicated by the anmeter, 
revealu that the region of saturation has been reached. 
An exciting current of 2 amperes is always sufficient to 
reach this region, 


2, lower the voltage smoothly until the applied voltage is 
at most 5 per cent of the saturation voltage, and then 
interrupt the voltae source, 


Notes: 1, ‘The induced voltage in high-ratio CTs with large cores 
may be several thousand volts on the full secondary 
winding. The voltage can be a safety hazard and pos- 
sibly destructive to the Cl and connected equipaent. 


2, The method depends on a voltae source capable of 
supplying roughly sinusoidal knee-point voltage to the 
CT, Derayetization can be effected with badly dis- 
torted voltage wave fora but the procedure ia not 
presented here. 


a 


7p CHIT 3U-4 Pa 


3. Some voltage sources may not be able to supply sufficient 
voltage when applied to the full secondary winding of a 
CT, but may be adequate to supply a tapped section of the 


winding. 
Demarictization by 
‘The method presented CT SECONDARY 


here applies only to multi- 
ratio Clls, since a controlled (VHTTSOVTTST 
direct current wust be passed 

through a separate secondary 
winding section from that 
connected to a fluxeter, 

as shown in Figura 29, The 


method requires the core to < al 
ve saturated with de in both [ | 


@ 
positive and negative direc~ AMMETER 
tions, and then to be lett 
ina magnetic state midway La FU ORDER 


(OR OPERATIONAL, 
between the two extremen. ERAT 
Whe procedure follows: Kk |} INTEGRATOR) 


With the primary wind- 
ing of the CI’ open-cireuited, 

connect the secondary winding A \ 
to a de source and a flwmeter 
oy operational integrator an 
shown in Figure 29, Make sure -~f}-— 
thore are no common carrying 


conductors in the de and flux- FIGURE 29; CONNECTIONS FOR DEMAGHETIZATION BY DC 
weber Siac C8. OR MEASUREMENT OF REMANENCE 


Set the fluxneter pointer at about the center of the scale, and smoothly 
inerease the direct current until the drop in the fluxneter-pointer spoed indi« 
cates that the region of saturation has been reached, Ubserve tie level of de 
at this point and the corresponding fluxmetor indication, 1. leverae the de, 
maintaining the sane level, and obtain another fluxmeter indication, F2. Now 
apply a trial value of de in the opposite direction to demanuetize the core, 
Open the de circuit and observe the fluxneter indication. lepeat this opera~ 
tion until by successive trials, the fluxmeter finally indicates the arithmetic 
mean of Fi and £2. 


Domymetisation with Load Current 


With the Gl’ in service and carrying load current, insert a variable resis+ 
tox and anmeter in series with the Cl burden, Increase the resiatance from zero 
to stich a magnitude that the secondary current as indicated by the ammeter falla 
by at least one aupere. Then smoothly reduce the resistance to zero. 


Hotes: 1, he magnitude of the required resistance may be deterained from 
the excitation curve for the Cl! ratio involved. ‘the resistance 
should be the saturation voltage divided by the ameter current 
indicated when the resistance is a maximum. For example, if 
the saturation level is 100 volts on the 50015 ampere ratio 
(100 tum tap), and the secondary current is reduced from 
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4.5 amperes to 2.5 amperes, the required resistance would be 
100/2.5 or 40 ohms, 


Some precaution may be necessary to avoid the possible hazard 
ereated by power-system fault current flowing in the primary 
of the CT coincident with the insertion of the variable reais- 
tor in the secondary circuit. To avoid resistor burn out and 
an open-circuit Cl secondary, the resistor can either be chosen 
to withstand the overcurrent in the secondary, or be protected 
by a parallel-comected voltage-sensitive nonlinear resistor, 
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APPENDIX ¥ 


PROCEDURE FOR FIKLD MEASUREMENT OF 
HEHANENCE OF CURRENT TRANSFORMER 


A menns of measurement of the remanence that exists in the core of a CT in 
service is presented below. The objectives of the steps listed ares 


first to eliminate the ac in the CT, 


next to apply sufficient de mametizing force of both polarities to cause 
core saturation without driving the flux measuring inclrument beyond its 
useful range. 


‘The indications of the flux measuring instrument enable the initial per 
unit remanence to be calculated. Since the procedure destroys the initial rema- 
nent flux, it can only be measured once. 


te 


an 


Se 


8 


5 
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Open the primary circuit of the CT, 


Connect a battery, switches, rheostat, and ammeter across one winding 
section of the secondary of the CT as shown in Figure 29, Make cure 
that no current flows until Step 4 below. 


Connect a fluxmeter or operational integrator(10.46) across another 
winding section of the secondary of the CT, as shown in Figure 29, 
Make sure there are no couson current carrying conductors in the bat- 
tery and fluxweter circuit, Mote: To ensure that the flux measuring 
instrument will not be driven beyond its useful range in subsequent 
steps, either experience should be gained on a similar UY core in which 
the in-service initial remanence is of no interest, or the fluxmeter 
performance should be calculated based on CT core data, 


Close switch A and if necessary, increase the direct current until a 
magnetizing force is obtained of at least 190 ampero-turns per meter 
of magnetic path length, Alternatively, atart with such a low direct 
current that saturation can be detected by observing the relative rate 
of increase of the indications of the ameter and fluxseter. 


Reverse the current flow by means of switch B, maintaining the last 
level of current in Step 4. 


Calculate the per unit remanence, R. 


He 4, 


is the initial reference indication of the flumeter, 
is the indication obtained in Step 4, 
ia the indication obtained in Step 5. 
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